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An alternative method for the stereospecific assignment of the methyl groups of valine and leucine in the nuclear magnetic 
resonance (NMR) spectra of peptides and proteins is proposed, and its practical application is demonstrated with the 
assignment of all valine and leucine methyl groups in cyclosporin A. The method is based on the use of a mixture of 
fully i3C-labelled and unlabelled glucose as the sole carbon source for the biosynthetic production of the polypeptide 
studied, knowledge of the independently established stereoselectivity of the reaction pathways of valine and leucine bio- 
synthesis, and analysis of the distribution of W labels in the valyl and leucyl residues of the product by two-dimensional 
heteronuclear NMR correlation experiments. 
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1. INTRODUCTION 
Nuclear magnetic resonance (NMR) may be used 
to determine the three-dimensional structure of 
noncrystalline peptides and proteins [ 11. A struc- 
ture determination by this method includes the 
assignment of the ‘H NMR spectrum, the collec- 
tion of conformational constraints using NMR 
measurements, and the calculation of the structure 
from these experimental input data. The precision 
of the protein structures thus obtained can be 
significantly improved if stereospecific assignments 
are available for the prochiral groups of protons 
[2]. The present paper describes a novel avenue for 
obtaining stereospecific ‘H NMR assignments for 
the methyl groups of valine and leucine in polypep- 
tides. 
For the assignment of protein ‘H NMR spectra 
the sequential assignment technique [1,3,4] is an ef- 
ficient procedure, but it does not usually yield 
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stereospecific assignments. As a consequence, the 
conformational constraints with prochiral groups 
of protons can only be defined relative to centrally 
located pseudoatoms [ 1,5]. This entails a con- 
siderable loss of structural information, which is 
particularly significant for NOE distance con- 
straints with the methyl protons of Val and Leu. 
Stereospecific assignments for these isopropyl 
groups have in favorable cases been derived from 
distance constraints in low precision three- 
dimensional structures calculated from 
pseudoatom data (e.g. [6,7]), and for Val they may 
also be derived from strictly local conformational 
constraints [2]. The assignments described in this 
paper use “C isotope labelling and rely on know- 
ledge about the stereospecificity of Val and Leu 
biosynthesis; they are thus independent of the 
molecular conformation and can be completed 
prior to the start of the structure calculations. 
Labelling of amino acid residues selectively with 
deuterium has been used previously to determine 
unambiguously stereospecific assignments [8,9], 
and heteronuclear couplings between ‘H and 13C 
have also been used for this purpose (e.g.[lO,ll]). 
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However, on a much larger scale labelling with 
stable, NMR-active isotopes has made NMR a 
powerful tool for gaining insight into metabolic 
processes [ 121. Standard labelling experiments in 
metabolic studies involve the observation of 
changes in NMR signal intensities during or follow- 
ing the administration of labelled precursors to an 
organism. They provide information about the 
metabolic processes occuring and the reaction rates 
of the chemical processes involved. Probably even 
more important, though not fully exploited, are 
nonrandom labelling techniques where, for in- 
stance, two adjacent labelled nuclei in a molecule 
effectively label the intervening chemical bond. 
This makes it possible to follow the fate of 
chemical bonds during metabolic precesses, and 
hence to obtain additional information about the 
reaction pathways involved. Nonramdom labelling 
can also result in patterns involving sites that are 
not directly adjacent. This paper demonstrates that 
based on the known stereochemistry of the 
substrates and the reaction pathways, nonrandom 
labelling patterns observed in enzymatically pro- 
duced polypeptides can yield stereospecific 
assignments in the NMR spectra. 
2. MATERIALS AND METHODS 
Cyclosporin A (Sandimmun’) was produced by growing the 
fungus Tolypocladium inflatum on a minimal medium with 
gluclose as the sole carbon source. The production of partially 
labelled cyclosporin A was started by replacing the natural 
[%.]glucose with a mixture of roughly 90% [‘2Cs]glucose and 
10% uniformly labelled [“Cslglucose obtained from CIL, Cam- 
bridge. After 21 days the mycelium was harvested and the 
cyclosporin was extracted and purified [ 131. The NMR sample 
was prepared by dissolving 20 mg of the “C-labelled cyclosporin 
in 0.6 ml of C’HCls. This solution was studied in a sealed NMR 
tube. The NMR measurements were done at 20°C. 
All NMR measurements were performed on a Bruker AM-360 
spectrometer. Two-dimensional NMR spectra were acquired in 
the phase-sensitive mode, with time-proportional phase in- 
crementation along WI [14]. The data were processed using stan- 
dard Bruker software. A homonuclear 3C 2QF-COSY spec- 
trum was acquired using the standard pulse sequence and stan- 
dard phase-cycling [15]. WALTZ decoupling was used to 
remove the ‘H-r? couplings in both dimensions of the spec- 
trum. 860 11 values with 4096 data points each were acquired, 
and the sweep width in both dimensions was 18 000 Hz. The 
total experimental time was 60 h. A TOCSY-relayed (‘.‘C,‘H) 
COSY experiment with a mixing time of 100 ms was measured 
using the pulse sequence and phase cycling of Otting and 
Wiithrich [16]. 4096 tl values with 4096 data points each were 
acquired over 48 h. The ‘H sweep width was 3500 Hz and the “C 
sweep width was 12 000 Hz. 
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Fig.1. Reaction pathways for the biosynthesis of valine and 
leucine from a mixture of “C-labelled and unlabelled glucose, 
showing the stereochemistry and possible labelling patterns 
(* indicates a “C label, all other positions contain the natural 
“C abundance of 1.1%). 
The approach used here for obtaining stereospecific NMR 
assignments relies on the fact that the biosynthesis of the amino 
acids valine and leucine from glucose is known to be stereoselec- 
tive [8,9,17-191. The isopropyl group is made up of a two- 
carbon fragment from one pyruvate unit while the second 
methyl group is transferred from another pyruvate unit (fig. 1). 
This methyl migration has been shown to be stereoselective, and 
the migrating methyl group is pro-S in both valine and leucine, 
i.e. it is y2CH3 or a2CHs, respectively. Direct proof for this 
stereoselective biosynthetic pathway was obtained only for E. 
Coli and Salmonella typhimurium, but the wide occurrence of 
these reaction pathways among different species [ZO] suggests 
that similar stereoselectivity is present also in other species 
capable of synthesizing branched side chain amino acids. 
3. RESULTS AND DISCUSSION 
Nonramdomly labelled cyclosporin A was ob- 
tained from T. inflatum grown on a minimal 
medium with a mixture of roughly 90% [r2Ca]- 
glucose and 10% uniformly labelled [13Ca]glucose 
as the sole carbon source. By integration of the “C 
satellites in the ‘H NMR spectrum, the peptide was 
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found to be uniformly labelled with “C to the ex- 
tent of 14%. The relative peak intensities in the 13C 
NMR spectrum were interpreted on the basis of the 
following statistical considerations. On supplying a 
mixture of unlabelled glucose and uniformly label- 
led [“Celglucose for the biosynthetic production of 
the labelled polypeptide, there are two ways in 
which a pair of 13C-labelled nuclei may be incor- 
porated into adjacent positions. Either this may 
happen by chance, with a probability of -2% in 
the present experiment (2% = 14% x 14%), or an 
intact pair may be incorporated from the labelled 
glucose, which would give a yield of 14%. The one- 
dimensional ‘H decoupled 13C spectrum of cyclo- 
sporin A showed that the major products of the 
biosynthesis contained nonrandomly labelled sites, 
with additional small amounts of randomly label- 
led compounds indicating that metabolic scram- 
bling processes are also occuring. 
In the homonuclear r3C 2QF-COSY spectrum 
(fig.2) it is clearly seen that for the side chains of 
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Fig.2. Part of the phase-sensitive homonuclear 90 MHz “C 
2QF-COSY spectrum of nonrandomly ‘3C-labelled cyclosporin 
A (20 mg in 0.6 ml CDCls, T= 20°C). The cross peaks due to the 
correlation between the &carbon and the $-methyl carbon 
(pro-R) of Val-5 and MeVal-11 are identified in the spectrum. 
At the top there are two cross sections along ~2, which were 
taken at the WI positions indicated by arrows. thetic pathway of fig. 1. 
Fig.3. Schematic presentation of the methyl ‘3C-cu proton cross 
peak patterns expected for TOCSY-relayed (‘H,“C) COSY with 
differently ‘3C-labe11ed valine and leucine. (a) Neither the 
methyl 13C nor the (Y proton has a one-bond coupling with 13C. 
(b) The methyl 13C is directly coupled to another 13C spin. (c) 
The observed (r proton is coupled directly to c?C . (d) Both the 
methyl 13C and (Y proton are directly coupled to 13C. The arrows 
indicate the coherence transfer pathway in TOCSY-relayed 
(“C,‘H) COSY. In (b,c) ‘Jcc and ‘Jcn indicate one-bond spin- 
spin couplings. The molecular structures represent different 
“C-labelled species of Val and Leu resulting from the biosyn- 
both Val-5 and MeVal-il only one strong cross 
peak connects the P-carbon and a y-methyl carbon 
resonance. There is no cross peak correlating the 
resonance of the &carbon with the second y- 
methyl group. Following fig.1 the observed cor- 
relation must come from the intact PC-y’C (pro-Z?) 
fragment originating from the labelled glucose. 
To benefit from the improved spectral resolution 
compared to homonuclear 13C COSY, additional 
data were collected using TOCSY-relayed (‘H,r3C) 
COSY [ 161. During the application of this pulse se- 
quence,.proton magnetization is first transferred to 
the directly bound carbon nuclei, where it is label- 
led with the 13C frequency. After transfer back to 
the protons, the ‘H TOCSY relay distributes the 
magnetization among all spins of the proton spin 
system, as is indicated by the arrows in fig.3. In this 
way the magnetization derived from the methyl 
carbons was observed on the well resolved LY- 
proton resonances. The four possible cross peak 
patterns that may result in this experiment from 
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Fig.4. Cross peaks correlating the methyl r3C spins of Val and Leu with the a protons in TOCSY-relayed (“C,‘H) COSY experiments 
with nonrandomly r3C-labelled cyclosporin A (20 mg in 0.6 ml CDCI3, T=20“C, proton frequency 360 MHz). The methyl 13C chemical 
shifts are indicated along ~1 and the a proton chemical shifts along wr. The two Val (a,b) and four Leu (c-f) residues are identified 
at the top of each spectrum, and stereospecific assignments are given in the spectra. 
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different 13C labelling are depicted in fig.3. A cross 
peak connecting an isolated i3C label with a proton 
bound to “C consists of a single component 
(fig.3a). If the observed proton signal arises from a 
13C-bound proton, a splitting due to this one-bond 
coupling will result in the proton dimension of the 
spectrum (fig.3c). Similarly, in fig.3b a one-bond 
i3C-13C coupling is manifested along wr, and if 
both correlated spins are directly bound to 13C one 
has the multiplet splittings along both frequency 
axes (fig.3d). Fig.3 further shows those 13C- 
labelled species of Val and Leu resulting from the 
biosynthetic pathway of fig. 1, which contribute the 
dominant components to the experimental spectra 
(fig.4). For valine (fig.4a,b) these are the structures 
of fig.3b for y’CH3 @D-R), and of fig.3c for 
y2CH3 (pro-S), respectively, which confirms the 
result obtained with the experiment of fig.2. The 
additional Val species of fig.3a,d result from the 
synthetic pathway of fig.1 with approx. lo-fold 
lower yield, but the corresponding spectral com- 
ponents clearly dominate the background in 
fig.4a,b. For leucine, fig.1 predicts a dominant 
abundance of approx. 14% of the species of 
fig.3a,b, for J2CH3 (Pro-S) and #CH3 @ro-R), 
respectively. These dominant spectral components 
can readily be recognized in fig&-f, where the 
stereospecific assignments are indicated. The back- 
ground is less clearly apparent han in the Val cross 
peaks, but it can qualitatively be rationalized with 
the basic patterns of fig.3. 
The stereospecific assignments obtained are 
given in table 1, where they are compared with 
those determined by Loosli et al. [21] based on 
evaluation of ‘H-‘H NOE intensities and ‘H-‘H 
coupling constants. The presently used labelling 
technique provided also the stereospecific assign- 
ment of the ‘H and 13C resonances of the methyl 
groups of Leu-10, which could not be determined 
with ‘H NMR alone. The agreement between the 
two sets of data in table 1 demonstrates that non- 
random labelling is a valid technique for obtaining 
stereoselectivity assignments of the isopropyl 
groups of Val and Leu. The observations made 
here in T. inflatum also support the previously 
made assumption that the stereoselectivity of Val 
and Leu biosynthesis in E. coli and S. typhimurium 
prevails also in other organisms. The biosynthesis 
of valine and leucine is clearly dominated by the 
metabolic pathways outlined in fig. 1, with a direct 
flux of the glucose fragments into the peptide via 
the amino acid building blocks, and without much 
scrambling of the labels by alternative metabolic 
processes. 
Table 1 
The stereospecific assignments obtained for the i3C and ‘H resonances of the methyl 
groups of valine and leucine in cyclosporin A 
Amino acid Methyl group Assignment from Assignment from 
chemical shiftsa coherent labelling Loosli et al. [13] 
‘3C ‘H 
Val-5 18.48 0.90 pro-R 
19.81 1.06 pro-s 
MeVal- 11 18.75 1.01 pro-R 
20.26 0.86 pro-S 
MeLeu-4 23.49 0.95 pro-R 
21.18 0.88 pro-S 
MeLeu-6 21.93 0.85 pro-R 
23.87 0.94 pro-S 
MeLeu-9 23.74 0.97 pro-R 
21.86 0.89 pro-S 
MeLeu-10 23.85 0.98 pro-R 
23.38 0.98 pro-S 
’ In ppm relative to internal tetramethylsilane (TMS) 
pro-R 
pro-S 
pro-R 
pro-S 
pro-R 
pro-S 
pro-R 
pro-S 
pro-R 
pro-S 
not assigned 
not assigned 
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The nonrandom labelling method proposed here 
requires no structural information for stereo- 
specific assignments to be made. It therefore has 
the potential of yielding unambiguous assignments 
for all Val and Leu isopropyl groups, except in 
cases of complete resonance overlap. The observa- 
tion of one clearly resolved cross peak is sufficient 
for the unambiguous stereospecific assignment of 
the respective methyl groups. It is possible to ob- 
tain nonrandomly labelled proteins by growing the 
bacteria for protein production on appropriately 
diluted [?a]glucose or [‘3C3]glycerol. Alter- 
natively, expression of recombinant proteins on 
amino acids supplemented with nonrandomly 
labelled valine and leucine may be used, where 
nonrandomly labelled valine and leucine can be ob- 
tained by growing bacteria or fungi which over- 
produce these amino acids on [‘3Cb]glucose. As 
mentioned in section 1, obtaining complete stereo- 
specific assignments for the methyl groups of 
valine and leucine may significantly improve the 
precision of a protein structure determination by 
NMR in solution [1,2]. 
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